UNITED STATES PATENT APPUCATION FOR; 
SFECTRALLY MATCHED PRINT PROOSSR 



This ^>pUcatioxi claims Ibe benefit of prior inovisional ^pUcadon 
60/255,914 entitled "Spectrally Matched Digital Print Ptooffer" filed on December 
1 8, 2000 axui prior provisional applicatidn 60/306,764 entitled "Display for 
Simulation of Printed Material" filed on July 23, 2001. 

f QP THE msmw 

An embodiment of liie present inveation relates to a device, system and a 
method for spectrally matched digital print proofing^ and in particular, to such a 
device, system and method in which an electronic true color display enables £be 
di^layed image to be shovvn with an mpanded color spaee for more precisely 
matching the displayed colors to the printed colors, for exanq^le for displi^ on a 
computer monitor. 

BACKGROUND OF THE INVENTION 

The p^ception of color by human visicm iuvolves the impact of light of 
dif&eent wavelengths in the visible spectrum (400 mn - 780 nm) on tiae human 
eye, and the processing of the resultant s^nals by the InmianbraizL, Forexample» 
in order for a typical individual to perceive an object as **red'*, light in the range of 
wavelengths of about 580-780 nm must be reflected from the object onto the retina 
of the eye of the individuaL Dep<Miding upon the spectral distribution of the light 
and assuming normal color vision, the individual pciceives di£fermt colors from a 
wide lange of such colors. 



In additiocL, the todividual perceives various charactodstics of the color. 
The color itself is also tenned the ''hue'*. In additloxi, satusradon debnuiix^ the 
purity of liie color, such, that a color v^ch is saturated is perceived as highly vivid, 
while a pastel version of the same color is less saturated. The combination of hue 
md saturation foims the ohrominance (chroniaticity) of the color. As perceived by 
the individual^ color also las brightness, v^4iichis the scpparent or perceived energy 
of the color, such that the color ^lack'* is actually the absence of brightness for any 
color. 

Although color is a complex combination of physical and physiological 
phenomena, it has been found that colors can be approximately matched by 
combinations of only three colors^ usually red, green and blue. 

The following discussion considers ihc rep»duct!on of color through 
various types of media, in particular with regard to a comparison of color 
reproduction through electronic display devices to color r^zoduction through 
physical printed material, such as colored inks printed onto paper, for example. 
The fitst section of tiie ''Background'' discusses color repnxiuction on physical 
printed material. The next section of the ''Background'^ discusses such color 
reproduction on electronic display devices. The final section of the '^Background" 
discusses Ihe effect of color reproduction on electronic display devices on the 
process of printing coloted inks onto physical printed material. 

Sippfiou } : Ptitfed MstCTOl 

Color images can be presented on substrates such as slides, films, and 
paper, and also on electronic displays. Color reproduction on p^er involves 
subtractive color mixing. The twcm **subtcactive" refers to the creation of color by 



removuig a portion of the spectrum of light transmitted to the eye. 

The nature of the colot system fiurprixitted material is predicated iq>oix the 
optical properties of the materials, particularly of the inks, although the pspex or 
other material onto vdiich the ink is placed also has an ^ect ^dth regard to a color 
reflection characteristic, sxich that the material reflects light differently accordmg to 
its reflection spectrum. Inks or dyes applied in printing behave as filters that pass 
only paort of I3>e white light speclrum. The ligbt incident on the paper is spectrally 
filtered by the ink layer and reflected back towards the observer. Four types of inks 
are typically used, although of course other types of ink systems can also be used; 
Cyan (C), Magenta (M), Yellow (Y) and Black (K). The transmission spectra of 
'Hdeal'' CMY ink filters are shown in Fig. ID. Each of the primary inks blocks its 
conxplementary color, such fiiat C passes green and blue and blocks red» M passes 
red and blue and blocks green and Y passes red and green and blocks blue, the 
black ink blocks the whole spectral range. The spectra of the complementary 
''ideal" ROB are shown in Fig. IB. Thus, iqpon reSectiorL fitmi the paper sur&ce 
only part of the spectrum arrives to the eye of the viewer cieatmg the s«isation of a 
uniqne color. 

The intensity of the light reflected firom the ink layer is measured tiizough a 
filter of the complementary color. Assuming a perfect complementary filter, 
namely one with a 100% transmission in the relevant range and zero elsewhere, tl^ 
ink layer density D, whidh measures its spectral blocking properties is given by: 
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Note lliat by the use of the complemencary filter, the measured intensity 
gives the amount of light passiixg througli the blocking region of the spectrum 
of liic ink, and thus is a measure of its blocking pit^rties. The higher the density, 
the znoie satmated is the color. For low density, the amount of light in the 
"blocked" region of the spectrum is high and comparable to that in the tramp^rent 
area, and thus a non-saturated color is obteined. 

Most printing methods are binary in nature, namely an ink layer of a certain 
thickness is eilber present or absent on the paper surface. To obtain "gray levels" 
for each of the inks, halftone printfaag is applied. The paper is divided by a virtual 
grid to printing dots. The area of each printing dot is partially covered with ink. 
The relative aiea covered by ink in the printing dot is known as the dot area or dot 
percentage (dot %). If the pa^w is only partially covered with ink, the apparent 
density is lower than the density of a solid ink layer. 

For example, consida: a cyan ink, which passes Blue (B) and Green (O) and 
blocks Red (R). The cyan solid ink densily is the amount of R passing tiirough a 

Ml coverage cyan layer. If there are small dots of cyan on paper, which are so 
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small so ihaX they are below the eye resohitioiJis the paper has a pale cyan tint (a 
''gray lever* or gradatioxx of cyan). The apparent density of this tint is lower than 
that of a solid cyan layer because more red color is xeceived by the eye, since a 
large axnount of the red componeat of the light 1$ received £rozn the uncovered 
areas of the white paper. If the density of the tint area is defined in a simUat manner 
as the way that the densiQr of the inks are defined, fliere is a relationship betweoi 
the tint dsaaity^ the solid ink density, and ihe reladve area of inked paper to the 
relative area of non-inked paper. This relation is called the Murray -Davis relation: 
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Here A and Ds are the tint and the solid ink layer densities respectively. The 
Murray-Davis relation has a physical basis> but in many cases it gives inaccnrate 
results. Yule and Nielsen su^ested a similar relation to obtain the dot % fiom the 
apparent density and the solid ink density, which fits better the experimental 
results, but does not have a direct physical explanation. The Yule-Kielsen fomiula 
reads as; 



where n is an empirical value usually equal to 1 .5. 

The dot % is determined according to die value of the relevant pixel in the 
image file. Files in CMYK, format, designated for printing, specify the amount of 
each of the primary color in 8-bit format, correq)onding to 256 gray levels. A value 
of zero correspcmds to zero coverage of the relevant ink, while a value of 2SS 



corresponds to a full coverage of relevant ink in the printing dot. 

Each of tile inks is layered accoidizzg to its virtual grid. When examining the 
printed paper at tbe usual viewing distance, the impir^Ksion of color is achieved. 
However, looking at the printed paper fhtough a tnagnifyiAg glass resolves a 
delicate arrangement of dots in the original primary colors, and overlap regions of 
colors. The elementary colors^ seen through the magnifying glass, iiiclude die four 
primaries CMYfC, the three ov^laps between two primaries givmg Red (overlap of 
Mland Y)» Green (overlap of C and Y) and Blue (overly of C and M)» and the 
white color of the paper (see Fig. IC), Overlap of CMY gives a black color, and 
any overlap of C, M or Y with black gives also bla<dc. Thus, the total number of 
elementary colors is seven, CMY ROB and white/black (white/black may be 
considered Ifae same color at difiisrent bri^btness levels). Since the CMY ROB and 
white/black dots may not be not discernible to an unaided eye, the eye integrates 
(additively) the light reflected back fiom them, creating the sensation of color. 

Section 2: Electronic Devices 

Color is also presented by electronic rneans^ for example by display devices 
sudi as computer moxiitors, televisions, coniputational presetxtatiou devices, 
electronic outdoor color displays and other such devices. These systems involve 
additive color mixing of three primaries: red, green and bine. The mechanism for 
color display may use various devices, sudi as Cathode Ray Tubes (CRT), Liquid 
Crystal Displays (LCD), plasma display devices, Light j^nittiog Diodes (LED) and 
three-color projection devices for presentations and display of video data on a large 
soreeaa, for example. The term "additive** refers to the creation of color by 
conibining light of at least two spectra before transmission to the eye. Thespectca 



of "ideal" RGB primaries arc shown in Fig* IB, and the construction of other 
colors by additive mixing is shown in Fig- 1 A, In practice^ however, ideal 
piimazies do not exist. 

As an example of the opmtion of sudhi a device, CRT displays contain 
pixels with three different phosphors, emitting xed^ green and blue light upon 
excitation. In currently available displays^ the video signal sent to the display 
typically specifies the three ROB colcxr coordinates (or some fimctions of these 
coordijoates) for each of the pixels. Each coordinate represents the strength of 
excitation of the relevant phosphor. An individual viewing the display integrates 
the light coming fiom neighboring colored pixels to get a sensation of the required 
color. The proce^ of integration is perfozzned by a combination of the 
physiological activity of the eye itself and of processing of signals from the eye by 
the brain, without individual awaretSiess of the process. 

Although color is a complex combination of physical and physiological 
phenomena, it has been found that colors can be approximately matched by 
combinations of only tibree colors, usually red, green and bine, a finding which has 
been exploited by various types of electronic display devices. These three colors 
are the additive primaries. The match is perc^itual, and depends on the jmcessing 
of the spectrum of light arriving to the eye, by the hxitnan vision system and the 
brain. By combining different amounts of each color, a wide spectrum of colors can 
be produced, Nevertheless, not all colors can be produced by electronic display 
devices, since some combmations require negative values of one or more of the 
pritoaries* Although these negative values are allowed mathematically, they caimot 
be realized. 

Therefore, these systems cannot display the full range of colors which are 



available to the tmiaaa eye, because some colors are presented by negative values 
of one or mote of the primaries, vihidx cannot be realized by a physical light 
source. Certain background art electronic devices and systems use a finirth '*oolor'% 
^ch is actually light passed through a neutral fQter, or ^Svhite lighf and which is 
used for controlling brightness of the displayed color^ as described for example 
MdUb regard to US Patent No. S;233,38S. However^ fhe use of the neutral filter does 
not affect the ultixnate spectrum of colors 

Section 3 ; f r^ofin p of Printed Material on Electronic Devices 

Reproduction of color involves the cgreadon of an accurate apparent color 
match between origioal and r^nroductton. Color originals may be, f&r example. 
picl»iial slides, which ate analog in i^ture. They hove a v^ large gamut, larger 
than typical reproduction means, such as of&et prurt In the age of digital 
infoitnadon most of the reproduction process is done digitally. Hie original slide is 
scanned to obtain a file containing the color data m terms of ROB values. Tbs file 
is converted to CMYK separations, and then plates are created, which axe installed 
on a press for pxint. To obtain color consistenoy, proofi are performed and 
examined in variotis stages of the process, to assure that each step is color 
C033:sistent with its previous step. 

While in one embodim^ of the system and method of the present 
invention, CMYK data is converted, in ofiier embodimrats other input data may be 
converted, having other fbxms or fonnats. Furthemiore, embodiments of the 
system and method of the present invention may be used to proof various ink 
systems, such as ink systems not based on CMYK inks. For example, certain ink 
systems include CMYK ink plus additional numbers of inks, and other ink systems 
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do not use the CMYBC inks. 

Accurate presentation of color is very important for printed matter In order 
to achieve good color match, the image is currently proofbd by printix^ a '^Iiard 
proof on paper, and sliding this paper ^^ard proof to the customer and/or 
designer for ^proval. Upon approval, the proof is delivered to the printing shop, 
where the printer working on the press machine must then adjust the press machine 
until the printed sheets match the hard proo£ 

This mianual procedure limits the advantages of digital workflow. The need 
for an accurate digital ''soft proof on an electXYMiic display is clear. 

Currently available "soft proofing*' devices enable designers and pre-prcss 
personnel to view the works on a computationdl device such as a personal 
computer or workstation displays (usually based on Cathode Ray Tubes, or CRT), 
while ihe jSnal product is a printed image on pi^er. However, these background art 
devices do not overcome inherent deficiencies for digital print proofing, and in 
particular do not provide good color match, in the sense that ihey cannot accurately 
repUcate the colors electronically as they would appear on the printed material. 
This is a serious drawback^ as many printed works are now ttansftrred digitally 
fi:om design to printed material over a network, and sny procedure i^da must be 
performed through printing onto physical material, before the final printing step, 
significantly reduces the efficiency of the printing process. 

It is important to understand that RGB color displays generally cannot 
provide good color match to printed image for various reasons. The ttamition from 
the additive RGB color space of an electronic display to the subtractive CMYK 
color space of printing is rather problematic. In principle each of the subtractive 
pximaries (except for black) should transfer two of the additive primaries and block 



the third one (sec Fig. 1). However, in practice, this may not be the case for several 
reasons. First, and most important, the spectra of the ROB phosphors used in 
displays, and llie inks used in pidbitjng are &r fiom tiiat of ideal primaries. Second, 
in a CRT, ibsxe is no overlap between the ptitnary RGB colors, while in printed 
material there are regions of overlap between inks» increasing the number of 
elementary colors that the eye integrates. 

Thirds the S5>ectra of the light passing through the CMYK inks depends on 
the lightning conditions, namely the spectrum of the white light wMch illuminates 
the paper of the printed material. Furtheimore, even two printing machines may 
generally provide different printing results (in temis of color), since various 
properties of the ink and the paper play migor roles in the resulting color sensation. 

It is quite clear that the effects discussed above cause the color gamut of a 
printing press to be different from that of a display, and there are certain regions in 
each of tile color gamuts which are not represented in the other gamut. 

Even if the gamut of the print is embedded in that of the display^ it is still 
required to provide tcansfotmation fi:Om CMYK value to ROB value in such a way 
that an apparmt match is achieved. Hiis is the basis of existing methods of color 
matching in general, and **5o£t proofing" on displays in particular. They are based 
on mapping the color space of the output device (printing press, display) into 
device-independent color space known as L^a'^b*. dejSned by CIE. Using this 
m^ing, a multi-dimensional transformation fiom the RGB space of Ae display 
into the L'*'a*b'^ space can be performed. Then, another transformation £com the 
L*a*b* space into the CMYK space of the printing press is performed. These 
transformations, known as profiles, are performed by a color management system 
on the data file containing tibe work» before printing. The International Color 
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Coiisorliims. (ICC) standardized this metbod for colc»: matching. 

It is impoTtasit to note that tbe above xnetliod is based on an ^pro^dmate 
apparent match, which therefore depends on various factors Including illumination 
conditions, and not on a full spectral match, which is always valid. The profile 
creation process involves many mathemtical calculations and data processing^ as 
well as good mapping of flie relevant color spaces. In particular, the liansfoimation 
fiom the tbree-dimension^l L*a*b* color space to the four-dimensional CMYK 
color space is not unique^ such that extra parameters are required for its 
determination. The profile creation process is thus quite cumbersome, and fails to 
give good results in many cases. Furdiennore, it requires a creation of profiles for 
each type ofpaper/ink/machTnc/iUumination condition combination, llxis limits the 
use of the ICC workflow in the industry. 

Thus, existing "soil proofers" based on software itnplemented mathematical 
transformation are only approximate^ and cannot produce an accurate spectral 
matd:i, In many casc^, even an apparent color match is di£Scult to achieve. This 
beihavior is of course unacceptable to customer, resulting in the procedure of color 
proofing with a '"hard" pioof, which is better able to simulate the subtractive and 
spectral nature of printed material. 

A more usefhl solution would enable a diiect spectral mapping to be 
pexfbxmed between the color spectrum of the printed inks as fhey ^ear on the 
printed material and the colors of flie electronic displayed im^, such that &ese 
colors would be spectrally matched. Such a solution would enable the viewer to 
accurately determine the appearance of the image as printed on tfje material, such 
as paper, through the electronic display, such as a display device for a compute:, 
for example. Unfortunately, such a solution is not cunmtly available. 
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Therefore, there is an umnet need for, and it would be highly useful to have, 
a device^ system and a method for accurate electronic display of aa image to be 
pnnted with inks on printed nmtecial such as papac» suchlhatfhe colors of the 
printed materidl have an accurate spectral match to the displayed colors on the 
electronic device, such as a con^uter monitor for ^icample, in order to provide 
''soft'^ proofing of an image before being printed. 



SUMMARY OF THE INVENTION 

An embodiment of the present iavention is of a device, system and a 
metiiod for soft proofing of an image before it is printed onto printed material, such 
that the colors of the image are preferably spectrally matched to the colors as they 
cq)pear on the printed material* Therefim, the electronic display of the image is 
preferably ^ectrally accurate, etiabling the viewer to correcHy detennine the 
appearance of the image before it is printed. 

In typical embodiments, 3» 4, 6 or 7 primaries are used. In one 
embodiment, the displayed image is displayed with at least seven primary colors, 
correspondi]^ for example to the spectra produced by the CMYK color system for 
printing mks. However, in other embodiments^ other numbers of primaries may be 
used* 

Unlike background art systems which attempt to perform color 
transformation fiom CMYK to ROB color space via the device-independent 
L'^a^b^ color space, in such a way tiiat an apparent color match will be achieved, 
an embodimetxt the present invention preferably does not apply transformation 
between color spaces. Instead, it mimics the spectrum of the light arriving to the 
eye of the observer firom the paper, thus helping to provide a substantial or exact 
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color match at the spectral level. Thus, the colors of the electronicaily displayed 
image can be accurately ^ectrally matched to the colors of the printed material. 

According to an embodimeiKt of the present mventi0n9 there is provided a 
device fbr soft proofing image data of a plurality of colors fbr prindng to ferm 
printed material, the device comprismg: (a) a light source for producing light 
having a set of primary colors; (b) a converter for converting the image data to at 
least one of the set of primary colors accoxdmg to at le»!t one characteristic of die 
printed material to fbnn converted data; (c) a controller for detemiimng a 
combination of at least one of the set of primary colors according to die coaverted 
data for production by the light source; and (d) a viewing screen for displayrag the 
itng g ^ data ^riniwA^n^ til tha oombmation from the controller. Other numbers of 
primaiics may be used. 

According to another embodiment of the preseixt invention, theote is 
provided, in a device for soft proofing image data of a plurality of colors for 
printing to form podoted material, the device ccnnpiisixig a light source for 
pxoducing light having a set of primary col<»r$, a converter for converting the image 
data to at least one of the set of primary colors according to at least one 
characteristic of the printed material to fozm converted data, and a viewing screen 
for displaying the knage according to tiac converted data, the light being projected 
onto the viewing screen, a method for creatiag the image for displaying, the 
method comprising the steps of: (a) determining at least one characteristic of the 
printed material according to at least one of a spectrum of a set of inks and a color 
reflection characteristic of a material for receiving the at least one ink; (b) 
producing light by the Ught source moluding a set of primary colors; (c) 
detemuning a path for light of eadi prunaxy color according to the converted data; 
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and (d) projecting the light of each primary coIot according to the path onto the 
viewixi^ screen to foxm the image. 

According to still another embodimfflt of the present invention^ there i$ 
provided a mclhod jfor soft proofing image data of a plurality of colors for printiiig 
to form printed material, comprising the steps of: (a) providing a color syst^ for 
printing the printed mat^al> the color system featuring a plurality of colored 
materials, each colored material being subtractive, such tibat the colored material 
has acolor by bloddng at l<^l a portion of a spectrum of li^t impinging on the 
colored material; (b) producing light of a set of colors for electronically displaying 
the image data; (c) combining light of a plurality of the colors to reproduce each 
color of each colored material for electronically displaying the image data, tibe 
of the plurality of colors being combined additively to form a combination which 
substantially spectrally reproduces the spectrum fiom the printed material; axid (d) 
displaying the image data with the combination of the light of the plurality of 
colors. 

According to yet anofhio: embodiment of the present invention^ in a device 
con^riaing a light source for prodijcing light having a set of primary colors and a 
viewing screen^ there is provided a method jfbr soft proofing subtractive image data 
of a plurality of colors, the method comprising the steps of: (a) determining a 
spectrum ior each of the plurality of colors of the subtractive image data; (b) 
matching the spectrum to spectra of a plurality of ^ light having a set of primary 
colors; (c) producing light corresponding to the spectrum tSnough an addition of the 
light of a set of primary colors fix^m the light source; and (d) displaying data on the 
viewing screen with the light of step (c)» 

Hereinafter, the term ^'neutral** refers to light having a spectral distribution, 
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which does not differ substantially irom that of a white light source, as obtained for 
exan^le by passmg light fiom sudbi a white source through a neutral deiasity filter. 

H«reinafi)er, the teem ^^subtraetive" re^s to the creation of color by 
removing a portion of the spectrum of light transmitted to the eye, while the teem 
"additive" refers to the creatioxi of color by combining light of at least two spectra 
befi>ie transmission to the eye. 



BRIEP PESCRIFnON OF THE DRAWINGS 

The invention is hereui described, by way of example only, with reference 
to ihe accompanying drawings^ wherein: 

FIGS. 1 A-ID show a comparison of ideal RGB and CMYK color i^ecua, 
in which Fig. 1 A shows the behavior of tiie additive pzimaries ROB; Fig. IB shows 
the spectrum of ideal RGB emitters; Fig. IC shows the subtractive CMY filters and 
then: overlap mixture; and the ^ectra of ideal subtnictive CMY filters/ink is 
depicted in Fig. ID; 

FIGS. 2A and 2B are schematic block diagrams of cmboduoDnts of an 
exemplary di^lay device and system according to an embodiment of the present 
invention; 

FIGS. 3A-3D describe the imperfect trapping problem, such that in Fig, 3A 
white light (30) passes tiuough a perfectiy trapped layer of yellow ink (3 1) and a 
layer of magenta ink (32), incident on tiie ps^er (33), and reflected back through 
the same layers to give red light (34); Fig. 3B sliows ideal transmission spectra of 
the yellow (61) and the magenta (62) inks, together with llie spectnnn of the red 
light (64) going through these layers; in Fig. 30, non-ideal trapping is shown, in 
which the yellow ink lay^ (41) is thinner tiian that in the case of perfect trapping 
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(3 1); in Fig. 3D the transmission speotnun of the poorly trapped yellow layer (71) 
and tbe magenta layer is sbovm together wth tbe spectrum of the light (44) going 
through these layers, in addition to the red portion of the spectrum (75) additional 
blue component (7€) is also present; 

FIGS. 4 A and 4B show transmission spectra for exemplary sets of color 
filters according to an embodiment of the present invention; 

FIG. 5 shows reflection spectra of several Qrpical papers for piinti3ag 
according to the badcgroimd art; and 

FIGS. 6A and 6B show suggested designs for the spectmm correcting Sitsr 
according to an embodim^ of the present invention; and 

FIGS. 7A-7C illustrate an inqdementation of an onbodiznent of the present 
invention with an exemplary neutral density 0^) filter, with an illiistrative 
implementation for the filter arrangement of the color wheel with such an ND filt^ 
(Fig, 7A), the timing sequence for operation of the color filter wheel (Fig, 7B), and 
a graph of the densily of the ND filter (Fig. 7C). 

Fig. 8A depicts a set ofJSlters which may be used to reproduce a set of 
transmission spectra, according to an embodiment of Obe pres^ invention. Fig* SB 
depicts a comparison of a reproduction of a set of transmission ^lectra and the set 
of transmission spectra, according to an embodiment of the present invention. 

Fig, 9a depicts tiiie spectra of a lamp currently marketed as die Cteram™ VIP 
lamp. Pig. 9h depicts the spectm of a DSO equivalent fluorescent lamp. Fig. 9c 
depicts a spectrum of a correction filter according to an embodiment of the present 
inveniion. Pig. 9d is a spectrum created using a correction filter, acoording to an 
embodiment of the present invention. 

Fig. 1 OA depicts a set of four transmission spectra which may be used to 
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reproduce a set of ink transnussion spectra by linear posllive combinatLons. 
according to an embodiment of the pi^eat inventicm. Fig. lOB depicts a set of 
target spectra and libeir reproductions^ according to an embodiment of fte pieseot 
invention. 

Fig. 1 1 depicts a series of steps for displaying an image of printed matter 1^ 
be prooied according to an. embodiment of the present invention. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In the foUoiwing description^ various aspects of ibe present invention ivill be 
described. For pmposes of «pIanat!on» ^ledfic configurations and details are set 
fordi in ordegr to provide a thorongb understanding of tiie present invention. 
However^ it vnH also be apparent to one skilled in the art that Ibe present invention 
may be practiced without the specific details presCTted herein, Fuitheimore, 
well-known features may be omitted or simplified in order not to obscure the 
present invention. 

An embodimettt of the present invention is of a device, system and a 
method for soft proofing of an image before it is ptinied onto printed material, such 
that the colors of the image are substantially or eicactly specti^ 
colors as they appear on the printed materiaL Therefore, the electronic display of 
the image is spectrally accurate, enabling the viewisr to correctly detenuinelhe 
appearance of the image before it is printed. The displayed image is dlsiplayed with 
at least seven primary colors,, corresponding for example to the CMYK color 
system for printing inks. Other numbers ofprimari^ may be used. Otherizik 
systems may be mproduced. 

Unlike background art systems which attempt to p<»form color 
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traosfoimation fiom CMYK to RGB color space via tiic dcvice-mdependent 
L*a*b* color space, in such a way that an apparent color match is attempted, 
certain OTbodiineots of the present inveulioai do not ^ly transftmnation bet?ween 
color ^aces. Instead, such embodiments mimic fte spectrum of the light aniving 
to the eye of the observer fix)m the paper, thereby providing an improved color 
match at the spectral level. Thus, the colors of the electronically displayed image 
can be accurately spectrally maitcked to the colors of the printed material. 

Thercfbie, embodiments of the present invention overcome Hoc main 
problem in creating a soft proofing device using an electronic display, which is the 
additive nature of color creation in the display, in contrast to tiie subtractive nature 
of color presentation on paper. 

The following discussion describes embodiments of the present invention 
with regaid to color reproduction ihrou^ physical printed material, such as colored 
inks printed onto paper, for example, and "soft proolBng" or display thereof through 
an electronic device and system according to an ^nbocUment of the present 
invention. The first section discuss^ color reproduction on physicsl printed 
material. The next section discusses such color reproduction wifij electronic 
display devices and systems according to an embodiment of the presrat mveclion. 
The final section discusses specific embodimMits of the present invention in 
refbrence to the Figures. 

Section 1: Printed Material 

An embodiment of the present invention uses a number of equations and 
models of Ugjit behavior, which had previously only been described and used with 
regard to analog color reproduction, fbr electronic display of image data. It should 
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be noted that althougb embodiments of the present invention ate described \vith 
regard to ^'printed material'% the term slK^uld not be construed as being limited to 
material created fiom placing ink on paper, but instead encompasses all mateiials 
for which color is added to, or formed integrally with, a physical substrate, using a 
subtractive color system. 

As previously described, the elementary colors in typical printing 
applications include the four primaries CMYK, &e three overlaps between two 
primaries giving RGB, and the white color of the pCQ)er, for a total number of 
demenlary colors of seven, CMY RGB and white/black (white/black is the same 
color at different brightness levels). Other printing systems may use different 
numbers of and combinations of inks, and embodim^ts of the system and method 
of the present invention may be used to accuratdy reproduce proofe for those 
printing systems. 

Since the CMY RGB and white/black dots are not discernible to an imaided 
eye, the eye integrates (additively) the light reflected back fiom them. Thus, to 
obtain, an accurate spectral match, the spectra of each of these seven elementary 
colors (or other numbers of or sets of colors) may be repUcated, and their relative 
proportions may be kept. For each CMYK pixel value, it is straigiitforward to 
calculate the average coverage of each of the elementary colors using, for exan^le, 
Demichel equations. Funhermoxe, the spectrum of the white light reflected from 
the paper sur&ce may be replicated. 

Section 2: Device, Method and System According to An Embodiment of the 
Present Invei;Ltion 

Adevice, system and method according to an embodiment of the present 

invention is based on a display with a set of primari^ whose spectra are able to 
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substantially reproduce the transmission spectra produced by light passing through 
the inks (and their overl^s) used in a certain printing process. In one embodiment, 
this is achieved by substantially matching a set of primary colors to the set of 
transmission spectni produced by light passing through the inks and their overlaps. 
For example, in a CMYK ink system, seven transmission spectra are prodvwed (the 
ink transmission spectra and the overlaps), and thus seven primaries may be used in 
the dispbay. In one embodiment of such a display, the basic colors may be 
substantially iJrfrites cyan, magenta, yellow, red, green and blue. The white may be, 
for example, a wiiite that is similar or identical in spectrum to the spectrum of Ught 
reflected from the intended pBpcr or print substrate. 

Other ^'"^ systems may be reproduced, having other numbers of inks. In 
alternate embodiments, other numbers of colors and other colors may be used in 
the display to reproduce the transmission spectra. Pot example, a set of less than 
seven primaries may be used to reproduce a larger set of spectra, for example the 
seven elementary spectra of the CMYK system. The accuracy of the print 
leproductioamay vary based on the numb^ and type of primaries tised. In one 
such embodiment, six filters including spectra correspondir« to, for eKamplc, 
transmission spectra produced by light passing throtigh combinations of cyan, 
magenta, yellow, red. green and blue ink may be indlided, and a white spectrum 
may be produced by rrviYj-ng light fiom these colors in a predefined combination. 
Furthermore, it is not required that each filter substantially reproduce a spectrum 
produced by the light passing through inks (and overleaps). Each spectrum 
produced by the inks may be substantially reproduced by a positive linear 
combination of the primary or filter spectra. 

While, typically, the inks are printed onto paper, other substrates may be 
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med. Embodiments of fhB system and method of the ptesent invention may 
reproduce material printed on any sort of printing substrate. 

A good spectral match may be produced by numbers of priznaries less tban 
six; for example three or four display primaries may be used to reproduce 
spectrally the spectrum of the inks and overlaps. Furfliennore, regardless of the 
number of primaries, the primaries included need not individually match the 
spectra reproduced. A set of primaries may spectrally reproduce a set of spectra. 
For example, a set of seven primaries may be used xo speutmUy reproduce a set of 
seven spectra. FurtheimOTe> a set of less than seven primaries (e.g,, three, four, five 
or six) may be used to spectrally reproduce a set of seven elementary ^ectra of the 
inks. 

The display preftzably r^oduces image data according to a number of 
characteristics of the printed material, lighting, or other aspects of the printing 
process. Such characteristics may include, for example, the transmission spectra 
produced by light passing through the inks, ot other qualities of the inks, the 
reflectance or other qualities of the paper or priziting subsisrate, and the various 
qualities (such as the spectrum or intensity) of die light used to view the printed 
material. The display xn£^ operate according to ofhcx cdiasacteristic^ 
and viewing^ process. 

The white light spectrum may be adjusted to fit the spectrum of the li^t, 
reflected firom :die psqm of the printed material, under the relevant illuminadcm 
conditions. For example, a filter or set of filters imluding conectmg for several 
difBarent spectra (e.g., D50, D65, halogen, etc*) may be included, A filter wheel or 
filter bar ivith such filters may be included, and a user may adjust which filter, if 
any, may afitect the illumination. In alternate embodiments, the white Ugjst 
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spectrum need not be adjiisted, or may be adjusted in different tnanneis; 
furthennorc, spectra other than white may undergo adjustment 

A system and device for an embodiment of tbe present invention can 
optionally be implemented as foEows. The electronic display device is preferably 
able to display light of at least seven colors, although other numbers of colors may 
be used. The device operates with a light source capable of transjaiitting Ught of 
pre£E»rably at least seven colors, preferably with a projective light mechanism fior 
projecdng tbe li^ht onto display screen. The device includes a component for 
controlling the color of light which is displayed on each portion of the display 
screen, and thereby modulatizig the colors of the display. 

In alternate embodiments of the system and method of the present 
invention, primary colors may be produced by odusr methods, such as LCDs or 
LEDs. 

Section 3: Preferred Emb^ v|fm?rits nf tfie Present Invention 

The principles and operation of the device, system and method according to 
embodiments of the present invention may be bett^ understood with reference to 
the drawings and lhe accompanying description. 

Referring now to the drawings. Figs. 2A and 2B are schCTxatic block 
diagrams of embodiments of an exen^lary display device and system Sox electronic 
soft proofing according to an embodiment of the present invention. Fig. 2A shows 
a basic embodiment of the exemplary display device and system, while Fig. 2B 
shows an embodiment featuring a light projection mechanism. 

As shown in Fig. 2A, a system 36 according to one embodiment features a 
light source 38 for producing light of preferably seven elementary colors. In one 
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embodiment, these colors are C, M^Y, G, B mi white, fitted in transmission 
spectrum to that of a certain set of inks and papa: under certain itturoination 
conditions. La one embodhnrat, one filter or primary source is used fbx esixik 
primary; in altensate embodiments lower numbers of podmaries may be mixed in 
tJie proper proportions to reproduce with some accuracy a higher number of 
transmission spectra colors. The light &om light source 38 is displayed on a 
viewing soieen 40» thereby enabling the human viewer to sec Hbt colors of the 
displayed image (not shown). Preferably, the light fiom light source 38 is 
projected onto viewing screen 40. In order for each color to be properly displayed 
in the correct location of the displayed image^ a controller 42 controls the 
production of light of each color^ such that the correct light is shown at the correct 
location of viewing screen 40. Controller 42 may be sq)arate from light source 38, 
such that fhese two components are not combuied into a single component. In 
alternate embodiments the two components may be provided in the same device. 

In alternate embodiments of the system and method of ttie present 
invention^ primary colors may be produced by other methods, such as LCDs or 
LEDs. 

Various physical print systms may be used to convert print data such as 
digital CMYK print data to printed material. For example, data may be converted 
by printers using silk screen methods, lithography, ink jet melliods, or other 
methods. Each method may result in a difierent appearance for identical input 
data. The system and method of the present invention may simulate various print 
methods; In one embodiment, the same display may be used to simulate different 
printing methods. A us^ selectable setting may control varioiis aspects of the 
display^ such as £iter settmgs or software or hardware controls (such as data 
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conversion or spectral correction or combination methods) to allow differem print 
processes to be simulated. 

In one embodiment of system 36, light source 3S projects light of at least 
seven colors, vdthout being able to control the location of the projected light onto 
viewing screen 40. Controller 42 then dcteimines the relative location of light of 
each color as projected onto viewing screen 40, for example with a spatial light 
modulator and/or another system of mirrors azsd/or lenses. 

In order for controller 42 to be able to detemune the ooirect light for being 
displayed at each portion of viewing screen 40, controller 42 optionally receives 
data 3&om a data input 45, which may optionally be digital or analog. Most 
preferably, onitroller 42 abo receives instructions and/or commands fiom a 
converter 46, wjbich lies between data input 45 and controller 42. Converter 46 
converts tito data fiom data input 45 into a fonnat which is suitable for controller 
42, and also includes any necessary instructions and/or commands for enabling 
controller 42 to be able to understazui the data» Converter 46 may be implemented 
in software, hardwares^ or a combination thereof. Optionally^ converter 46 naay also 
convert the data fiom an analog signal to digital data, such that controller 42 is only 
required to receive digital data. Preferably, converter 46 is able to determine the 
appropriate combination of light of at least seven different primary colors in order 
to accurately represent the color image data with displayed colors whic^ spectrally 
match or substantiany ^ctrally match the colors of a certam printed material, such 
that the appearance of the displayed image loatches or substantially matohes the 
^^pearance of a certain set of inlcs as printed onto the paper of Ihe printed material. 

In alternate embodiments^ converter 46 is able to determine the appropriate 
combination of light of another number of primary colors in order to accurately 
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represent a set of ink transmission spectra. For example, three or four primaries 
may be combined to reproduce seven transmission spectra. In other »ibodjments^ 
otbst nmnb^rs of transmission spectra ixiay be reproduced, for example if puroofing 
for ink systems produdAg different numbers of transmissicm ^ctra are desired to 
be created. 

Fig. 2B shows an embodiment of an exemplary display device according to 
an embodiment of the present invention, vMdoL is based on a sequential light 
projection system;, similar in c^r&ain respect to tiiat suggested in US Patient No. 
5,592,188, which is hereby mcoiporated by reference as if fully set forOi h^ein. 
Embodiments of the present invention use a set of primaries v^ose spectm are able 
to imbstantially refnoduoe tfie transmissicm spectra produced by lig^ passing 
through Ae inks (and their ov^laps) used in a certain piiniii^ process. One 
embodiment uses primary colors of spectra similar to ihe transmission spectra of 
light passing through printing inks (and overlaps) to accurately display the image 
which is to be printed onto '^hard copy" printed material, sudi as papcx for 
example. Other ^nbodiments may use combinations of primaries to reproduce 
such transmission spectra. 

A system 48 according to one embodiment is based on passing white or 
substantially white light firom a source 20 through a spectrum-coirectiag filter 22 in 
oxder to attempt to match the spectrum of the light to at least one of, and more 
preferably both o^ the relevant required illumination condidons and the relevant 
paper (or other printing substrate) reflectanoe spectrum. Spectrum-correcting filter 
22 optionally and preferably includes two functional components; a first funcdonal 
component for correcting the spectrum of light with regard to the required 
illumination conditions; and a second functional component for correcting the 
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spectrum of light vdth regard to the relevant printing substrate refleoUoice 
^ectrum. These two fimctioiial components are optionaUy ii^ 
s^)arat6 parts of spectrum^oorrecting filter 22, but alternatively may be 
implemented in a single physical device. 

Such correction filters may be implemented in varioiis manners. For 
eicample, a filter or set of filters including correcting for several diflCerent ^ectra 
may be included Afilter wheel or filter bar with swdi filters may be included, and 
a user may adj ust which Xjlter, if any, may ptovide correction. In one embodiment, 
the printing substrate correction filter is a continuously variable filter and the 
illumination correction filter includes discrete filters. In odier embodiments, no 
such correction is needed, and other tjrpes and combinations of correction or 
adjustment may be used. 

The brightness of the light is optionally and preferably controlled by 
adjusting the amount of power siipplied by a power supply 23 or by a variable 
neutral density filter. The sp^ctrally-conrected light passes through appropriate 
color filters 52 to forni colored light of a defined spectral range. As previously 
described^ system 48 preferably uses at least seven such colored fil^s 52 (six 
colors + white), which as shown may optionally be configured in a color filter 
wheel 24> but may optionally mclude other numbers of filters or primaries. 

In Airther embodiments, primaries are reproduced ushag methods other than 
filters; for example^ different LEDs may provide primaries. 

In order for the light to be directed tiirough the appropriate filter 52» 
preferably the light is focused by a condenser lens 21, optionally implemented as 
two such lenses 21 for the purposes of illustration only and without any intention of 
being limiting. In alternate embodiments^ various components, such as the 
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condenser, may be dimmated. The focussed light is then diiected through om of 
the filters on filtea: wheel 24, ivhich holds the color filters 52. In this exmnple, the 
combination of light doixtce 20, spectrum-correctiDg filter 22 and color filteis 52 
can be considered to form at least part of tbic light source of Fig, 2A above^ 
qptionally with other components involved in the production of fiie light itself. 

Preferably, the colored light illuminates a spatially modulated mask 26, also 
known as an SUM (^^tial Ught modulator) which detemnineq the particular color 
for being displayed at each portion of the image (typically according to each pixel), 
by determiiiing whether light of that color is permitted to pass for illuminating that 
pixeL For example, a digital micro-miiTor device (DMD) by Texas Instruments or 
Fenoelectrio Liquid Crystal (PLC) SLM by MicroPix, Displaytech and other 
vendors may be used. 

The colored light for this im^e is then projected by a projection lens 28 
onto a viewing screen 29. Viewmg screen 29 displays the resultant colored image 
to die user (not shown). Spatially modulated ma£k 26, and pre&rably the 
combination of spatially modulated mask 26 and projection lens 28, can be 
considered to be an example of Ihe controller fix>m Fig. 2A, In alternate 
embodiments other controllers and methods for controlling the system may be 
used. 

One embodiment includes two projector systems, each including 
appropriate equipment such as a lights any appropriate correction filters, a color 
wheel» an SLM or other modulating or pixilating device, and any other required 
equipment. £ach color wheel may include, for example, three or four ptimasies out 
of the six or seven used with the overall system. If data conversion (€.g., 
conversion from C^YK data) Is performed, each projector scctspts data &om a data 

27 



converter or, altematdy, accepts input data and perfonos data conversion for the 
i^^levant ptimaiies contatoed vnMa Hit projector. The projectors axe synchronized 
and project light onto fi^ same vievdng screen. More than two projectors may he 
used, and each projector may include other numhers of primaries. Such an 
arrangement allows for commercially available syi^tems to be used with less 
modification, 

Fr^rably, a motor 63 rotates filter wheel 24 in front of light soiizce 20, so 
in eacb turn spatially modulated mask 26 is illuminated by the colors in filter wheel 
24 sequentially, Preferably, the rate of rotation is at the fi:ame firequency, which is 
the fi'equoicy at which the full<olor image on viewing screen 29 is refi^shed. 

Preferably, the loading of the data into spatially modulated mask 26 is 
synchronized by atiming system 207, acoording to the rotation of filter in^bml 24. 
The light beam is spatially modulated by spatially modulated mask 26, so that Hoe, 
apparent brightness of each primary color varies at different portions of viewing 
screen 29, typically accordixxg to each pixel of the image. Each position 6^ an 
viewing screen 29 is preferably associated with a certain pixel 70 in spatially 
modulated mask 26. The brightness of that position is dcMmined by the relevant 
data pixel in the image. The values for the pixels of the image are optionally and 
preferably retrieved from an image data file 201 . The human viewer integrates the 
sequential stream of the primary images to obtain a color image which spectcally 
matdbesoTsubstaiitiaUyspectrdUy matches the linage on pcq)er. Infurther 
embodiments, other methods of producing primaries and displaying primaries may 
be used, and other light delivery mechanisms usiog different sets of components 
may be used. For example, an SLM need not be used- 
Exemplary but preferred implementations of various components of the 
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above projection display system are now given in greater detail. 
Spectrum-ooirecting filter 22 may correct for at least one o^ and preferably both 
of, the tequired illumination conditions and Hie relevant psffpex or printing substrate 
reflectance spectram. One standard iD\iminatlon in liie printing industry is D50 
illmoioant (D65 in US; both are daylight illimiination, from a black body at 5000K 
and 6500K resfpecdvely through the atmosphere), but other illuminants, such as 
illunmMiixt A (tungsten Iflitip, typical fbr indoor illumination) and 9300 K 
illumination (t3^ical for light outdoors, under a blue sky without direct sunlight) 
are also common. The lamp itself has a spectaim> which is typicfidly, but which 
may not be, very different firom these illuminants (and depends on the type of the 
lamp, e,g. tungsten, halogen, metal-^halide^ Xenon and others). Therefore, the 
spectrum of die emitted light may be collected. 

The illumination correction is preferably obtained by placing 
spectrum-cozrecting filter 22 with a transmissioin spectrum T/(Ai) after light source 
20. The filter spectnm is given by T/(>.)?Si(X)/Sl(^), where Sl(X) andS4(X)are 
light source 20 and the required illuminant spectra respectively. The light passing 
throu^ spectrum correcting filt^ 22 has a spectrum pcefestably identical or 
substantially identical to that ofthe required illuminant. These ^es of fillers arc 
based on color temperature conversion filters in combination with narrow notch 
filters, which are applied if tibe lamp spectrum contains narrow spectral lines, wliich 
may be rejected. The design of such filters is known in the art. 

Figs. 9a-9d d^ct spectra of various white lights^ a correction filter, and the 
spectrum resulting fi*om the use ofthe correction filter^ accordmg to an 
embodunem ofthe present invaition. Fig* 9a depicts the spectra of a lamp 
currently marketed as the Osram™ VIP lamp. Fig. 9b depicts the spectra of a D50 
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equivalciat fluorescent lamp. A correction filter having a spectrum as Showi in Fig. 
9c may be ^lied to the spectrum of Fig. 9a to produce the spectrum of the solid 
line in Fig. 9d, vAdch substantially matches ±& spectrum of Fig. 9b. Botii spectm 
have substantially the smit color temperature and a high color rendeanng index. In 
alternate embodiments, other coirectiou spectra may be applied. 

Although the color of paper or printing substxaCe for which reproduction is 
intended is generally tvlute, it mi^t have tint Papons are typically yellovdsh or 
bluish. The tint oftSse paper results fi»>m a deviation of its reflex 
from an ideal reflector (100% at all wavd«igths). TTie reflection spectra of several 
typical papers are atovm in Fig, S. It is evident that these deviations hsppm mostly 
in the blue side of the spectrum, and that the deviations manifest themselves by a 
higher or lower reflection with respect to the rest of the spectrum. The typical 
average deviation can reach tx> 1 0%. Higher blue reflection results in a bluish 
tint, while low^ reflection in a yellowish tint. To simulate the bluish tint» a 
short-wavelength cut-off filter with a contjnuously varyix^ density (along tiie fitter 
X - direction) from zero (spectrally flat filter) to 0.1 (about 80% transparency) may 
optionally be used. Other filters, with o&er spectra, may be used, 

A spectrum of spectrum correcting filter 22 according to one embodiment 
for correcting for p^er reflection and construction thereof are shown in Fig. 6A, 
The yellowish tint may be obtained with, for example, a long-wavelength cut-oiF 
filter with density in the range of 0 - 0.1, shown in Fig. 6B. The light is impinging 
on a relatively small area of the filter. The blue part of the spectrum is enhanced or 
reduced according to the relative density in die blue part of the spectrum with 
respect to the rest of the spectrum at the position of incidence. The color of the 
transmitted light is adjusted by shitting the placement of the filter along the 
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x-direction, and thereby changing the relative density of the filter which, filters the 
l^ht, unlil the white area on the screen has the same color as that of tfaepapeir. 
Other spectnmicorreclingfUters or methods may be used Such filters or methods 
may be operator selectable or adju^able to enable correction for multiple light 
sources or papers. 

In one embodiment* transmission sx>ectrum of color filters 52, of which 
there are preferably at least seven, is pre&rably very dose to that of a set of 
standard inks (and overlaps)^ used In tibe relevant prindng &cility. ppticmally, 
oolored filters 52 are implemented as seven color filters 52 are C(yan)9 M(agenta), 
Y(ellow), R(ed), G(reen), B(bluc) and \^te. Other numbers of color filters and 
other spectra may be used. Other embodiments may use combinations of primaries 
to reproduce sudi transmission spectra. 

Preferably, &e transnslssion of the v^te filter of color filters 52 is close to 
I OOH and to be almost independent on wavelei^th in the visible range of tiic 
spectrum. The white light is optionally inocplemratad as an anti-refiection coated 
glass filter wifli suitable transmission p rope r ties. In attemate embodiments the 
production ofiiie white light may be differrai, and may use oth» spectra. 

In one embodiment^ the transmission of the filters 52 is close to that of 
typical process inks (and resultii^ overlaps) used in the print material to be 
reproduced. Thus the filtexs and piirnariestised depend on the set ofiziks to be 
reproduced; different inks may result in dififerent sets of filters and piitnaries. The 
trai^ismission spectrum of one set of C M Y process inks and of R O B overliqp 
colors is shown in Figs. 4A and 4B. Such filters 52 can alternatively and optionally 
be xealized as gelatin filters with the same or similar pigmcots as used for the inks» 
or evm alternatively and optionally as intaference filters. Another possibility is to 
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use ink-jet printers or offset machines, with special inks such as UV inks finr 
OToasxiple, that can adhere to glass or transparrot plastics, to pxmt colored filters 52, 
In alternate embodiments other fUters or feims of filters may be nsed 

In an embodiment where six filters or primaries are used, transmission 
spectra produced by light passing throuj^ combmadons of cyan, magenta, yellow, 
red, green and blue ink may be included, and a white spectrum may be produced by 
a Unear combination of tbe«ft spectra. Alternately » othw linear combinations of 
primaries or filters may be used to produce required ink transmission spectra. 
Furtbermore, other numbers of primaries may be combined to produce a white 
color. Fig, lOA depicts a set of four transmission spectra which may be tased to 
reproduce a set of seven ink transmission spectra by linear positive combinations* 
For example, ihe four filter curves may be derived as: 

f4(A.>=Y(X)-G(A,)-R(X) 
Otb» curves may be used. The C, G, R, Y may be trivlaUy derived firan fl-ft. 
Fig- lOB dejricsts how ihe three spectra M,B and Wm^ be spec^ 
ftom the filter curves shown in Fig. lOA. Refisrring to Fig. lOB, Ihe dotted lines 
represent the reproduced spectrum, and the solid lines the ideal or target spectra. 
The B(X) and M(A.) and W(X) can therefore also be spectrally reprodiw^d, in 
addition to the C(X), G(X), R(X) and Y(X), fix>m fl.f4. above. In alternate 
embodiments, other methods may be used to reproduce a larger number of spectra 
£rom a set of primaries. 
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Fig. 8A depicts a set of filters that may be used to re[»oduce a set of 
traosmistdaa spectra, according to aa embodiment of the present invention. Fig. 8B 
depicts a compaiison of a reproduction of a set of transmission spectra and the set 
of transmission spectra, according to an embodim^ of the presmt inveotioxL In 
certain embodiments, a certain number of filters may be used to rqproduce a larger 
number of spectra For example, with less than seven filters (e.g., three filters with 
transmission spectra similar to those shovn in Fig. 8A) the spectra of sevm colors 
can be reproduced or approximated, as shown in Fig. 8B, although possibly with a 
lower accuracy. 

In alternate embodiments, the filters used to correct the spectra may be 
adjustable, selectable or replaceable by the operator to enable proofing for different 
ink systems. 

An embodiment using liquid crystal modulators uses polarizsed light, which 
is tixe preferred embodiment for Fig. 2. For reflecting devices, such as Liquid 
Crystal Over Silicon (LCOS) devices, tbi^ same polarizer, usually a polarizmg cube 
beam splitt^, can be used fhr polarizmg the incident light and for analyzing the 
reflected light. The exemplary but preferred implemmtation shown in Fig. 2 is 
based on a reflecting LCOS device for spatially modulated mask 26, Bind therefore 
a polarizing cube beam splitter 25 may be included in system 48, ftom which 
polarized light 27 is transmitted to projection lens 28. It should be noted that this is 
for the purposes of illustration only, and other implemeatafions of system 48 are 
also possible as based on other modulators, such as those devices which are 
described as examples of other such spatial modulation devices. 

An exemplary description of tiie flow of data and data ha ndl i ng is also 
shown with regard to Fig. 2B. The data is optionally given as a digital CMYK 
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image file 201 as shovm; other input data fonxiats may be used. The data optionally 
and typically atrives in a lastex foimat, particiilarly for display systems associated 
with computers. The xsstxit fbimat may be, fbr example, a signal presenting tiic C, 
M, Y and K values pixel-by-pixd, line-by-line for an image. In this process, the 
data system evalxiates the spectrum obtained from the inked paper for a certain 
CMYK combination, and the linear c(nnbina(ions of the display filters that 
reproduce tliis spectrum are found and presented by the optical engine on the 
viewing screen. Preferably, the transition is not done durough the spectrum, but 
instead printer models such as, for example, Murray-Davis-Neugcbauer or Celluar 
Neugebauer are £^lied in combination with a tzansfoimation matrix from the 
Neugebauer spectral primiaries to the spectral filters to obtain directly the resulting 
values to fotm the CMYK. data. 

In one embodiment; the data system transfoims the input data, for example 
CMYK data, into a value representing the amount of light passing dtrough each of 
the color filters or other data for each of the pixels. Other transforms and methods 
of transformation may be used. 

Preferably, the data system rearranges the rcsultfaag data in a format 
consistent vdth the physical SLM (spatially modulated ma^ 26), and loads the data 
into spatially modulated mask 26 at the required timing for producing each color in 
a sequential (time-based) projection system. In other embodiments* tiae data 
system may perform other functionality, and the functionality may be performed by 
other systems. 

In the case of CMYK input data, inferring to Fig. 2B, the input CMYK 
image file 201 contains the data of the four-color separations. Each of ihe color 
separations of the CMYK file may be processed by a one-dimensional look-up 
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tabic (1-D-LUT) 202, to correct for the dot gain print effect of the printing process. 
In alternate embodiments, dot gain correction need mt be performed or may be 
performed in other manners. The resulting CMYK ohamiels are transformed by a 
transformation module 203 into mutd-primaiy data, such as RGB CMY i?Aite Hata , 
as described below. The color channels may pass through a print effect simulation 
module 204 described below. If the primaries of the display do not match the 
spectra of the print inkSp Use data may be converted by a conversion unit The print 
primary data is converted to data x^esentlng the proportions of the display 
primaries used to display the print data. For example, ROB CMY white data may 
be converted to display primaries values. If the display primaries are identical to 
the ink specia used, conversion may not be required. The data may be processed 
by a gamma correction modxde 205, to aid in producing a linear response by 
spatially modulated mask 26. The data channels are formatted and loaded tfirough 
ftame buffer and formatter 206 one ajfler the other into spatially modulated mask 
26. In alternate embodiments other methods of converting H«ta xoAy be used. 

In one wibodiment, the 1-D-LUT Ixtmsfoimations 202 ccarect for printing 
dot gain effects. The value C (or M, Y,K) of a certain pixel in the file, repiesents the 
cyan-covered area of the relevant printing dot on Hie paper. However, if a plate is 
prepared with the value written in the file, the amount of ink which is printed on 
the p^per is usually larger flian the sizes of that portion in Uie file. This is a dot gain 
effect, which results fiom the spreading of the ink during the print. Some dot gain 
is beneficial in printmg, and as a result a printed sheet has an apparent density 
which is sUghtly higher than that written in terms of dot % values in the file. Smce 
the display of the image on the display screen is supposed to mimic the paper, the 
dot gain values preferably should be determined in order to correct the file values 
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for dot gain. This correction may be peifonned with a one-dimensional flmction for 
each of the inks, namely: 

%doti on paper-// (dot%i in file) 
vrtierc i ^ C, M, Y and K. The 4 one-dimc»sional functions are implemrajted by 4 
one-dimensional lookup tables (l-D-LUT), which contain the output value for a 
d^se set of input values. 

The coirectedC, M, Y, K dot % values are detranined and passed through 
a 4 •» 7 tcansformadon by 4e module 203 to obtain the C M Y R Q B W(hto 
values, for example using Ae Demichel equations (other transfonnations may be 
used): 

Fc - C only « C (1-M) (1-Y) (1-K) 
Fm« M only « M (1-C) (1-Y) (1-K) 
Fy- Y only = Y (1-C) (UM) (1-K) 
Fr« R only - MY (1-C) (1-K) 
Fo- G only = CY (1-M) (1-K) 
Fb= R only = CM (1-Y) (1-K) 
Ffc= K only = K-!-CMY(l-K) 
Fw- 1 - S fefcwPi 

Here C, M, Y and K are the respective dot areas of the relevant pfaceL 
Preferably, the spectra produced by the black mk used in the printing process does 
not differ ftom that produced by an overlap of the C, M and Y inks; however, 
implementations where the spectra difSfer^ 'where the blacks differ, are also possible. 
In such implementations, more Neugefaauer values and primaries may be used to 
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represent the blacks. Other methods of converting input data to spectra may be 
used, and input data based on other ink systems may be used. 

The Implementation of the Demichel tiansfiinnations can be done in 
sofi^vare or hardware. Demichel Equations are described in various ardcles and 
references (see for example A Critioal Review of Spectral Models Applied to 
Biodiy Color Printing", by Wyble and Bems, Color Research cmdApplicattonj vol. 
25, 2000, pages 4-19). Assume &at thei:e is aprinting dot for which tiic values of 
the diflfeient inks are gtvw by Q M , Y and K (C,M. Y,K <1 ) . This impUes that a 
portion C of the printing dot is covered by Cyan, a portion M by Magmta and so 
on. Therefore, (1-C) of the dot area is not covered by Cyan, 1-M is not covered by 
Magenta^ and so fi>rth. To determine the area iTidiidi is covered by Cyan only, the 
equation Fc=C (1-M) (1-Y) (1-K) is obtained. Tb« is the logic of Demichel 
equations as described in the above-referenced article (further assuming that CMY 
overlap is equal to black). 

Neugebaoer has point out that a close spectral match is obtained by the 
following £3rmulac: 

where R are the spedxal reflectivity of the elementary colors i«RGB CMY 
KW, and Fj are relative proportions of the elementary colors defined above using 
Demichel equations. R depends on the illumination conditions via " 
S(X)R y,(X) Tt(X}, where S(Ji) is the spectrum of the incident light, Rw(X) is the 
reflectanxie of the white paper and Ti(^ is the tzansmission of the dementary 
color (ink or overlap of inks). It is usually assumed that the transmissicm of black 
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layer Tk(^) is zero or negligible over the whole spectral range, however, correction 
for finite small transmission can also be implemented. 

It should be noted that flie system described above, with the adjusted white 
spectrum and color filters, with the same transmission spectrum as that of inks, and 
using the Demichel eqxxations to predict the "^ay level" or gradation of each color, 
is a physical manifestation of the Neugebauer equation. It should also be noted that 
the system can be applied to other spectral models, which a«> discussed in the 
article cited above. 

The resulting color data is then optionally processed by a piint effect 
simulation module 204, which is further described below. Conversion of these 
seven (or more) Neugebauer coeflScients to display primaries values is preferably 
performed. If less than seven primaries are used (e,^,, thxw to six primaries) the 
mtexmediate data (e.g., RGB CMY White data) is transformed into the relevant 
data for these primaries. In one «ibodimcnt, the data is trausformwl using a 
transformation matrix. In alternate embodiments, other Ixansformation methods 
may be used. Purttiermore, in alternate embodiments a set of X primaries each not 
matching any of a set of X transmission spectra may be combined to substantially 
reproduce those X spectra. 

The intermediate data such as flie CMY RGB W data may be represented 

by V^jiXy^^a^^f^X), where <|)|(X) are the spectra of the Neugebauer primaries 

(for example, j=CMYTlGBW) and fi(X) for i-l„N, are the filter spectra. After 
calculating the primary («.g., c, m, y, r, g, b, w) values for a certain pixel the values 
for eadi of the primary fitters pi...pN may be given by the following matrix 
transformation: 
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In general the transformation matrix is an N x 7 matrix, where N is the 
number of display filters and 7 is the nimber of Ncugebauer primaries in the 
intermediate data (other nvimbers of primaries may be used). If more than seven 
Neugebauer primaries are included in the calcvdation, for example L Neugebauer 
primaries, anNXLnaatrix is required. For example, in addition to the c m y r g b 
and white, additional {e.g,, nine) tmts of black may also be included, and if a 
cellular Neugebau^ algorithm is applied the number of points may increase 
accordingly. 

Then, the N-primary color channels are preferably subjected to a gamma 
correction process for the response of spatially modulated mask 26 by an optional 
gamma correction module 205. The gamma-correction module 205 performs a 
non-linear transformation for each of the data channels, in order to correct for 
non-linear properties of the physical device, in such a way that ultimately the 
combhied response of the data and tihe physical device is linear. Namely, if by 
loading a value R directly to the physical display, a brightness fCR) is obtained 
which is not linear on R, the gamma - ccureodon is a one-dimensional 
transformation for the R channel that has the response g(R)*=f "^(R), The data R is 
transformed to g(R.) and ibssa the rcspoxxse of the physical device is f(g(R)>-R. 
which is therefore linear on R. Preferably, this transformation is performed by 
applyiixg several look-up tables (one or more for each channel), which contain the 
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output values cotrespomliiig to 9II possible input values. The use of such look-up 
tables provides for a standardized, cortected, linear output which can be more 
precisely displayed with an ©mbodimeiit of the system of the present invetxtion. In 
alternate embodiments other gamma coxrection methods may be used. 

In alternate emboduxients, other sets of steps may be used to process input 

data. 

The data is transferred to the display mechanism. While in one 
embodiment the display mechanism relies on projected light, in alternate 
embodiments methods such as LCDs or LEDs may be used. In an exemplary 
embodiment, the data is transfened to the frame buffer and formatter 206, which 
arranges the data in a fomxat acceptable by spatially modulated mask 26, and 
provides the correct electronic and physical interface to spatially modulated mask 
26. Frame buffer and formatter 206 also arranges the stream of data in a format 
consistent with the electronic requirements of spatially modulated mask 26. 
Pr^erably , frame buffer and formatter 206 is a memory device for holding the data 
of the hnage. Typically^ the data is held in the same geometrical axrangement as 
the pixels of the image, and of ^atially modulated mask 26. 

For the system d^cribed above, the frame buffer itself, of frame buffer and 
fonnatter 206, is preferably divided into bit planes. Each bit plane is a planar airay 
of bits, in which each bit corresponds to one pixel on spatially modulated mask 26. 
Eadi bit plane actually represents at least a part of the data for each color, such that 
if a pixel is to have a component which includes a particular primary color, ihsiX 
pixel is represented by a particular bit on the appropriate bit plane whidi features 
that primary color The bit planes are arranged one below the otiber to fomi a 
three-dimensional arrangement of the data, from the most significant to the least 

40 



significant bit There are w x N bit planes {m is the number of bits/color channel, N 
is the nmnber of color channels). 

The data which is sent to spatially modulated mask 26 represeats a "gray 
level" of each of tiie primary colors^ and may be presented as, for ^Eample, 8 bits 
(256 levels) per each primary. The various ''gray levels" of the illumination can be 
achieved in different ways depending on the type of spatially modulated mask 26 
which is used. For "analog" modulators, such as nanatio LC modulators fox 
escmaple, the gray lovcl is detcmiUied by the amount of the optical axis rotation, 
controlled by tiie voltage applied to the device. Each frame may require a set of 
'hi^dates". or changes to the configuration, of spatially modulated mask 26, with 
one update for each of the primary colors of color filters 52. For a frame refresh 
rate of 50 Hz for viewing screen 29, and for seven primaries, this oorxesponds to an 
update rate of 350 Hz. Other update rates may be used. The eight bit planes 
corresponding to the relevant color are retrieved from the frame buffer itself, of 
frame buffer and formatter 206, and are optionally and preferably transformed into 
analog signals. These analog signals axe then amplified and ^plied to spatially 
modulated mask 26, Other methods ofprojecting the primaries may be used. 

For the "binary" type of spatially modulated mask 26, such as digital 
micro-mirror devices (DMD) by Texas Instruments or Ferroelectric Liqiud Crystal 
(FLC) SL!^ by KCcroPix, Displaytcch and othex vendors, gray levels are achieved 
by pulse width modulation (PWM) of the light, a technique which is well known in 
the art. In order to perform pulse width modulation of the light, m bit planes, shown 
here for m=8 planes» for each primary color are loaded into spatially modulated 
mask 26 during the period for displaying the relevant color. For a frame rate of 50 
Hz and a seven color filter display, the time for each color to be displayed is 20 ms 
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/ 7 » 2.85 xns (20ms ^l/SOHz). During this tune, 8 bit plmts are loattod into 
spatially modulated xnask 26, resultixsg in an ixpdatc rate of 2.8 kHz. However, if 
PWM is applied to the lights the least significant bit plane is prefcxably presented 
on spatially modulated mask 26 for only 1 1.2 microseconds. 

To extend the display period and therefore to avoid such a r^d refresh or 
change rate for spatially modulated mask 26, optionally and pre&rably P WM is not 
applied to the light. Instead^ the illmmnation time is prdSsrably divided tmifoimly 
between the bit planes* TTie different bit values are then optionally and more 
preferably created by changing the brightness of lig^t ixicident on spatially 
modulated mask 26. The brightness of fbe incident light is optiooally and most 
preferably altered by usuig a continuously varying neutral density (ND) filter^ as 
described in greater detail below. 

The loading of Uie data into spatially modulated mask 26 is preferably 
synchronized by a timmg and control system 207» according to the rotation of color 
fipiter wheel 24. 

Jn alternate embodiments, oUaa methods of displaying the set of primaries 
may be used. 

An embodiment of the system of the present invention is capable of 
projectiag images, determined by the data« of different colors onto a viewing 
screen. The preferably temporal integration of the different frames of diffetcnt 
colors creates the sensation of the required color. The illumination ccmditions may 
be replicated by adjusting the white light color and brightness to that reflected from 
the paper, using the spectrum correcting filter and power supply 23. By choosing 
the transmission spectm of the colored filters S2 to be substantially identical or 
identical to that of light passing through the inks and the overl^$» or by choosing 
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the transmission spectra so that the spectra of light passing througb the inks may be 
leproduced by linear combinations of the filter spectta, a match or substantial 
match between the behavior of inlcs on paper and the display may be achieved, as 
implied by Neugebaucr equation. The creation of a complex color sensation, by 
spatial integration of ink dots of different elementary colors, is replaced by 
temporal integration of images of the same elementary colors. The color sensation 
in this me&od is substantially identical or identical, in principal, to the way it is 
achieved in printings and thus good color match and control over varying 
conditions is easier to achieve. 

In alternate embodiments, non temporal methods may be used to display the 
primaries. For example, another embodiment is based on integmting all elementaiy 
colors simultaneously. Ihis is prejEerably performed by sqparating the white light, 
after being spectrally adjusted to obtain tto correct white spectrum, mto a set of 
primary channels. Each channel is filtered by one of tibe primary filters (e.g., C M 
Y R G B and white filters), and spatially modulated by its spatial Ught modulator 
according to the data. Then all iduumcls are combined using an appropriate optical 
system to give a fiiU color image on the screen. 

According to preferred embodiments of tiie present invention, there is 
described a method for simulating print effects, such as iak trapping, dot gain, 
lower ink densities, gloss, and other effects, for example, by usmg the system and 
device of embodiments of the present invcmtion. These eflBwts are preferably 
simulated using the print effect shniilation module 204 in the data system- 
Trapping may be associated with the difference between ink adhesion on 
paper and adhesion of ink on mk (see Fig. 3). This may be important for the 
overlap RGB colors- If perfect trg«>ping occurs the thickness of tiie overlappmg 
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layer 3 1 is the same as the thickaess of the same mk layer on paper (Fig. 3 A). 
However, in many cases, an ink lay^ 41, wbtoh is impressed on top of another ink 
layer 42, is thinner fiian that printed directly on paper (see Fig. 3C). In Fig, 3A 
white light (30) passes through a perfectly ttappcd layer of yellow ink (3 1) and a 
layer of magenta ink (32), incident on the paper (33), and reflected back tiirough 
the same layers to give red light (34); Fig. 3B shows ideal transmission spectra of 
the yellow (61) and the m^igettta (62) mks, together with the spectrum of the red 
light (64) going through these layers. In Fig. 3C, non-ideal trapping is shown, in 
which the yellow ink layer (41) is thitmer than lhat in the case of perfect trapping 
(31). In Fig. 3D the transmission spectrum of the poorly trapped yellow layer (71) 
and the magenta layer is shown together with the spectrum of the light (44) going 
through these layers, in addition to the red portion of the spectrum (75) additional 
blue component (76) is also pr^ent. The ratio between the thickness of fte overlap 
layer and that of the same ink printed directly on paper is a measure of trapping. 
Usually, this value is about 75%, however it may vary dq>ending on paper type and 
the set of inks used. This variation results in a change in the color perception of the 
overlying elementary colors RGB. 

To explain the kik trapping simulation, an idealized situation is assumed, 
where there is no overlap between the spectral regions corresponding to RGB (see 
Fig. 1). Each one of the CMY inks blocks one of the RGB components of light to 
large extent, and transmits the other components perfectly. For perfect trapping, the 
overlap of two inks, such as M(agenta) 32 and Y(eUow) 3 1, for example, results in 
a red color 64 plus some nainor residues of green and blue. This small amount of 
green and blue are due to the imperfect blocking of the M and Y inks (which 
transfer some G(reen) and B(l\ie) respectively). If the trapping is not perfect, the 
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thickness of the yellow ink layer 41 on top of the magenta layer 42 is smaller The 
amount of the red (and green) spectral components 75 of the reflected light 44 docs 
not change, but mote of the blue coxnponent 76 is transferred, due to flie reduced 
blocking of the yellow layer 41 . 

In a typical printing offset, the ink sequence is KCMY, namely CCyan) is 
printed before M, which is printed before Y. Under these conditions, B may be 
added to correct for imperfect tmpping of R (MY) and G (C Y), and G may be 
added to correct for B (CM). 

For example, the amount of blue passing through the blue-blocking Y ink is 
given by lO'^y, where Dy is the density of the yellow inlc. When the trapping is not 
perfect, the amount of blue light transferred is lO'V (t is Ae trapping ratio). 
Assuming tiiat the magenta is completely transparent to blue, the amoimt of blue 
that may be added is aj^ «10"V - lO^y. Thus, the blue signal sent to the SLM is 
givenbyB*(i,j)-B(i,j) + aBER(iJ) + G(i J)Lwhereiandj arepixel 
coordinates, and B, R and G are the origmal signals calculated ficom the Daniohel 
equations. In a similar manner, the grc« signal is ooirected by the additional 
amount contributed by the imperfect trapping of B (CM). It should be noted flwt 
although the magenta is assumed to be completely transparent to blue, this is not a 
prerequisite, and the correction can use a similar procedure by including the effect 
of the blue absorption in the magenta lay^. Other methods for adjusting the 
primary signals, and otfier adjustments, may be used. 

In the non-ideal case, the blue which is created by transferring wiiite Ught 
through the blue filter (which mimics light transfer through cyan and magenta ink 
layers) does not have the same spectrum as the Ught rejected by the yellow filt^. 
Neverflielcss, it is a v^y good ^proxhnation. To obtain the correct spectrum other 
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elemexLtaiy colors can be added to the blue Hlter color» so that the resulting 
^ectrum is similar to the required one. 

When the deoEXsity of fhe ink in the relevant printing press is lowac than that 
of the corresponding filter in the pxojecticn system the color on the paper appears 
less saturated than on the projected image. In this case Ds < Df, where Ds is the ink 
dexisily and is the filter density . This effect is corrected by mixing some white 
light with the colored light. The amount of white light to be added i$ calculated by 
the Murray-Davis fcrmula given above (or by the more sophisticated Yidc-Nielsen 
formula), where the ink density is taken as tint density and the filter density as the 
solid density, giving a correction &ctor of; 

For halftone areas the same correction ^plies, Thus^ the cyan signal sent to 
the SLM is given by C'( i , j ) = as C( i , j ), and the white signal is given by W( i , 
j ) - W( i , j ) + (l-as )C(i , j ) where i and j are pixel coordinates, and C and W 
are the original signals calculated from the Demichel equations. For the trapping 
colors R, G, B the ink densities are taken a^ (for KCMY printing sequence); 

Db-Dc + • Dm 

and the same calculation applies. Here, tR, to and ts are the trapping parameters for 

the R, G, B overlaps respectively. Both the trapping and the density corrections 

may resxilt in the dbange of the print primaries (Keugebauer primaries) from their 

nominal values. This change is similar to that which occurs between the 
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Neugebauer prixnariea and the display filters; this may be processed within the 
conversion ixiatrix or by oilier metiiods. The transition &om C(iJ) C*(i J) mi 
W(i j) W^iJ) disctissed above witli relation to change of density, and similar 
relations disciissed in tiie trapping case may be considered linear combination of 
primaiies that can be handled by matrix manipulations. Other correction methods 
may be used. 

Pictorial images may be printed with high gloss. The gloss is the property 
of the surface for leflecting the light specularly (mirtor-like reflection). When light 
is incident on an inked paper part of it (often about 4%) is reflected without 
penetrating into the ink. This light is reflected specularly and difiusively. Hie 
diffusively reflected light arrives to the eye and gives the impression of color, awhile 
the specular reflection is very directional and will not be obs^ed. Since the light 
is reflected firom the surfece without penetrating the inJc, it has tiie same spectral 
properties as that of the incident light and is not affected by the surface color. 
Thus, the observed color is a mixture of the color of the ink and the white light, 
which is reflected from the surface diffusively. 

This e£fect reduces the saturation of die color (and its eppsaxfot density). If 
the sur&ce has a high gloss the fraction of the non-peuetraling light rejected 
specularly is larger, and the amount reflected diffiisively is lower. Thus, for high 
gloss surface, the disturbing effect of the difiusely reflected non-penetrating light is 
smaller, and the colors appear more saturated. Indeed, tlie tsppsaexa. density of inks 
on a matte paper is lower than that on glos^ papers. 

The correction for gloss is preferably performed via measur^ent of the 
densities of inks on the relevant paper and correcting the dmsity as mentioned 
above. Another possibility is to use the measurement the ink densities on a 
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refi^rence paper and the ^oss of the sample paper, and to calcidate the change of 
the apparent dm^iy of the inks. In addition, it is possible to include a beam splitter 
in the white light path, which samples an amount of light equal to the 
non-penetrating diffusely reflected portion, and direct this part of the light onto the 
viewing screen. 

When using the soil proofit^ device and system of certain embodiments of 
the present invention, the operator preferably starts by adjusting the white point. 
The operator may compare the relevant paper under tfie required illumination 
conditions, and anay adjust the brightness of the light source via tiie power supply, 
and llie tint of the paper using the paper correcting filter, until a match between 
paper and screen is achieved. Then the dot gain curves of the printing machine and 
the densities and trapping values of the inks are loaded, to aUow for the correction 
of the data file values. 

Variable Neutral Dens ity nSfP^ Filter For Increasing Bit-Detrth in P WM 
A neutral density filter can optionally be used to increase the bit-depth in 
the PWM, For example, a varying neutral density filter could optionally be placed 
after the color filter wheel. Hils ND filter wheel rotates synchronously with the 
color filter wheel, so that the ND filter wheel completes, for example, seven turns 
during one tutn of the color whceL 

Fig. 7 A shows an illustrative implementation for the filter arrangement of 
the color wheel wifix such an ND filter 52, The color filter %^el is divided into 
several color sections, labeled as "CI" to respectively, the width of each is 
27t/N radiaiis, where N is the number of primary colors. Other numbers of sections 
may be used. As described in greater detail below, each color section is a different 
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color filter, which preferably has a separate ND filter. The ND filter does not 
ailect the spectral content of the filtered lights but rather alters tiie intensity of the 
fQtered light over the entire spectrum. 

The timing sequence for operation of color filter wheel 52 is depicted in 
Fig. 7B. The duration of a full rotation of the color filter wheel is 27r/a>^ each color 
section has a? time slot of 2iz/<oNy during which m bit planes are loaded into the 
spatially modulated mask. Each bit plane occupies equal time duration and at after 
die last significant bit loading, a dead zone exists. To achieve the coixect 
dependeDce between light intensity and the coire$ponding bit value, a continuously 
varying ND filter is placed in each color section of filter 52. The density of the ND 
filter varies linearly with 9 fiom zero densily to a density of m * logjo2 0.3m, m 
being the number of bits/channel, as shown in Fig. 7C. In the transition region (the 
dead zone), fi:om the least significant bit (Isb) of one color to the most significant 
bit (msb) of the next color the density increases to a higher valxie to avoid color 
mixing. As shown below, this design helps to ensure that the brightness of light 
deflected &om i-^hiX plane has, in one embodiment, an almost linear dependence on 
the value of bit A gamma-cotrection look-up table (LUT) compensates the 
remaining non-linearity as explained above. Other me&ods of using a neutral 
density filter may be used. 

The Ught intensity which passes through the ND filter, during the period of 
the f * bit (jnsb 0 bit, Isb ^ m-I bit) may be given by: 
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i 

Hffl» Tj+AT is the duration of color section, where AT is the time of the 
dead zone. Itjis evident that tibe ratio between the average iiltensitxes ixi two 

i 

following bits lis indeed 2. A similar relationship is also obtained when the ND 
filt^ has a density of 0.22 during the msb period, after which the density increases 

linearly fiom to OJfm-l), while the timing sequence stays the same. 

! 

pispjftYMy^wasmi 

£3 Various [display mechanisms may be optionally used with embodiments of 



the present inv^tion, which also afifect the choice of light source and/or device for 

i 

production of thje primary oolois. The preferred display mechanism is projection of 

light onto the jviewing screen, for an optical projection system. In alternate 

I 

embodiments, djther methods of producing color primaries may be used. For 

t 

example, the priknaiies may be produced by LCDs or LEDs. For example, a flat 

screen LCD producing a set of primaries able to reproduce transmission spectra of 

i 

light passing thfough tlie inks may be provided. Such an LCD may have, for 
example, three to seven (or other numbers) of primaries, where the primaries are 

combined as discussed herein to simulate printed tnaterial. 

I 

Typical projection displays can work simultaneously, in v^ch light of all 

colors illuminate^ &e viewing screen at the same time; or sequentially, in which 

1 

light of the dififer^nt colors illuminates the screen one after anotheor. For the latter 
type of display, t)ie vision system of the human eye perceives combined colors 
through temporal I integration, as the sequential display of colors is performed 
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sufficiently rapidly. 

The display systems are prefezably based 00 spatially modulating colored 
light and projecting it on a display screen. The spatial modxilation can optionally be 
performed by using a liquid crystal spatial modulator, in which case a source of 
polarized ligbt may be used, or alternatively by a digital nucro-toinior device 
(DMD) produced by Texas Instrmnents (USA) for eicample, wbich alloitva the \}$e 
of non-polarized light. Of course oth^ types of devices for perfbnxiing spatial 
modniatioxi are optiooially u^csd, and are encompassed by tbe scope of the present 
invention. 

The spatial modulation can optionally be done ivith analog or binary levels 
or gradations, according to the type of modulator device which is used. Nematic 
liquid C3cystal naodiilators, for exMiple by OE^ or Kopin 

Inc. (USA), allow for analog "gray levels", while Fetroelectric liquid crystal 
modulators, such as firom Micropix Technologies (United Kingdom) or 
LightCaster™ Scorn Displaytech (USA), axid DMD are binary devices. If a binary 
modulator device is used for spatial modulation* "gray levels^^ are achieved by 
controlling the duration of the illumination, and/or the intensily of the light, 
inddent on the spatial modulator. 

The SLM, or spatially modulated mask, is optionally either a binary 
modulation type or a continuous modulation type. Examples of the continuous 
modtilation type inclvbde, but axe not limited to^ polarization rotation devices siich 
as LCD (liquid crystal device), electro*opticsil modulator and magneto-optical 
modulator. In these devices, tbe polarization of the impinging light is rotated. In 
this context, LCD features an organized structure of anisotropic molecules, for 
which the axis of anisotropy is rotated by the application of voltage, thereby 
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rotating the polarization. For the electro-optical modulator, ajoisotropic crystals are 
featured, which change the rotation of the polarization of the light radiation, due to 
a change of the refractive indec along the different axes, as a result of the a]>plied 
voltage. The electro-optical modulator can be applied for a continuous^ non-binary 
implementation or for a binary implementation. Magneto-optical modulators are 
devices in which a magnetic field is used to rotate the polarization, by changing the 
electro-optical properties of the crystal. 

Examples of the biixary modulation type include, but are not limited to, 
DMD, FLC, quantum well modtilator and electro-optical modulator. DMD (digital 
micro-mirror device) is an array of mirrors, each of which has two positions, either 
rdaectmg light toward the viewing screen, or reflecting light away fiom viewing 
screen. PLC (feiroelectric liquid crystal) features liquid crystals, which have only 
two bi'Stable orientation states, thereby changing the polarization of the light 
radiation to one of two states (effectively *W and "ofP')- A quantum well 
modulator is a device in which voltage is applied ia a qtiantum well, which then 
changes transmission and reflection pxopcacdes for light by changing tiie states of 
the electrons in the well, to one of two levels according to the applied voltage. The 
electronic states are changed fix)m being absorptive to being transmissive. 

An implementation using liquid crystal modulators may require the use of 
polari25ed light. For reflecting devices, such as Liquid Crystal Over Silicon (LCOS) 
devices, the same polarizer, usually a polarizing cube beam splitter, can be used &r 
polarizing the incident light and for analyzing the reflected light For transmission 
devices, such as active matrix LCD based on thin-fiilm-transistor technology (TFT) 
as provided by Epson, BCopin (USA) and other vendors, for which light passes 
through the pixilated matrix, linear polarizers are placed before and after spatially 
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modulated mask. 

Fig, 1 1 depicts a series of steps for displayizig an image of printed matta- to 
be proofed according to an embodiment of the present invention. 

Referring to Fig. 1 1, in step 100, image data is accepted. In an exemplary 
embodiment, this image data is in a CMYK format, but may be in other formats. 

In step 110, the image data is converted into a set of data corresponding to 
the primaries of the display. In an exemplary embodiment, this involves evaluating 
tiic spectrum obtained from the inked paper for a CMYK combination, and 
reproducing a set of linear combinations of the primaries that reproduce this 
speetrmn. Corrections or modifications may be made to the resulting 
combinations. In alternate embodiments, the uiiage data need not be converted, or 
may be converted using different methods^ 

In step 120, the resulting data is displayed by the monitor 

In alternate embodiments, other series of steps znay be used. 

While the invention has been described willi respect to a limited number of 
embodiments, it ivill be appreciated that many variations, modifications and other 
applications of the invention may be made. 
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